Background: Blood cultures are essential in diagnosing and treating sepsis. There are several factors that affect the diagnostic yield of blood cultures such as the number of blood sampling episodes, the incubation period, the type and volume of culture media, and the amount of blood drawn. This study aimed to elucidate whether monitoring the volume of blood drawn with an educational intervention could affect the diagnostic quality of blood cultures. Methods: We implemented quality monitoring for the blood volume drawn during blood culture testing for adults in an emergency room. We instructed the nurses in the emergency room to draw the optimal amount of blood and to reduce the number of blood culture sets from three to two. We analyzed and compared the amount of blood drawn, the rate of positive blood cultures, the contamination rate, and time to positivity (TTP) between 908 patients pre-intervention and 921 patients post-intervention. Results: The amount of blood drawn increased from 0.7±0.3 mL per bottle (pre-intervention) to 6.5±1.7 mL per bottle (post-intervention) (P＜0.0001). The rate of positive blood culture post-intervention (12.14%) was higher than that pre-intervention (6.65%) (P＜0.0001). The contamination rate post-intervention (1.82%) was also significantly greater than that pre-intervention (0.60%) (P＜0.0001). Except for anaerobes, there was no significant difference in the distribution of microorganisms between the pre-and post-intervention periods. The TTP for anaerobe bottles post-intervention was significantly shorter than that of pre-intervention ( 
INTRODUCTION
Blood culture is a critical tool for the diagnosis and treatment of bacteremia, which is a major cause of morbidity and mortality [1] . Increasing the identification accuracy of true pathogens that cause bacteremia by reducing false negatives can prevent mortality among patients. Potential causes of false-negative blood cultures include inadequate blood volume or insufficient number of collected sets, collection of samples after antibiotic therapy, and infections caused by microorganisms that are not readily recovered using routine blood culture methods.
Since the bacterial density in the blood of most patients with a bloodstream infection is very low, drawing an optimal volume of blood is the single most important parameter for maximizing the detection rate of true pathogens [2, 3] . Several clinical studies have reported that the yield of microorganisms increases in direct proportion to the blood culture volume [4, 5] . In a comparison between standard-volume (mean, 8.7 mL) and low-volume (mean, 2.7 mL) blood cultures, the detection rate of standard-volume cultures was substantially higher than that of low-volume cultures (92% vs. 69%) [6] . Therefore, the detection rate of cultured blood could be maximized with an adequate inoculation volume.
We recently discovered that, in the emergency room (ER) at our hospital, blood culture specimens were drawn at less than 1 mL per blood bottle. Our findings highlighted the need to improve the blood culture techniques used in the ER. A quality improvement intervention was conducted in April 2016 to establish the procedures for an adequate blood culture volume.
Subsequently, the volume of blood specimens submitted from the ER for blood culture was monitored using an automated system. In addition, we evaluated the effects of our quality improvement intervention on improving blood culture yields in the clinical setting.
MATERIALS AND METHODS
We analyzed the data of patients in the ER who were over 18 years of age and had blood cultures ordered by attending physicians between 1 January 2016 and 30 June 2016. Blood culture data from 1 January 2016 to 30 March 2016 were used as the baseline data (pre-intervention data). In our hospital, phlebotomy for blood culture is carried out by nurses, not by dedicated phlebotomy teams. Therefore, initially, the educational intervention was conducted for a head nurse of ER, and then the head nurse took responsibility to educate the intervention to all ER nurses who conduct phlebotomies during last week of All blood cultures in pre-and post-intervention periods underwent standard incubation and processing using the BACTEC FX system (Becton Dickenson). Each blood culture was kept in the system until microbial growth was detected, for a maximum of 5 days (at which time samples were classified as "negative"). A blood culture was considered positive if a microorganism was isolated from at least one media of each set. All positive cultures were identified using the VITEK2 microbial ID/AST testing system (bioMérieux, Inc., Hazelwood, MO, USA). To monitor blood volume, we used the BACTEC FX blood system, which analyzed samples in batches of 25 Aerobic/F media bottles [7] . The culture processing and identification of microorganism were conducted identically between pre-and post-intervention periods. 
RESULTS
In the preliminary inspection, we analyzed inoculated blood volumes of blood cultures requested from each department in our hospital from January to March 2016. During the study period, the volume of 5,481 aerobic blood culture bottles was analyzed, and 49% of those bottles were submitted from the ER.
The overall mean volume during the period was 2.4±1.5 mL.
The ER department had the lowest mean volume, at 0.7±0.3 mL (Table 1) . Based on these preliminary results, we focused the intervention on the ER department, which submitted the highest number of blood cultures and collected the lowest blood volume. To improve blood culture quality, we carried out an educational intervention for ER nurses who conduct phlebotomies.
Following the intervention, we analyzed the data of all adult blood cultures submitted from the ER in the 3 months both preand post-intervention. Departments that submitted fewer than 25 blood culture sets from January-March 2016 are not shown in the table. Of the 2,813 blood cultures collected before the intervention, 6.65% were identified as positive. Post-intervention, the total positive culture rate was 12.14%, which was a significant increase (P＜0.0001) ( Table 2) . Although the contamination rate also increased from 0.60% to 1.82% (P＜0.0001), the true positive rate significantly increased from 6.04 to 10.32% (P＜ 0.0001).
Because the TTP in blood cultures can be influenced by the volume of blood drawn, the TTP values of aerobic and anaerobic blood bottles were compared pre-and post-intervention (Table 3 ). The TTP of anaerobic bottles at post-intervention was significantly shorter than that of those at pre-intervention South Korea was 7.7 mL [9] . In comparison, the mean volume per set in our hospital was less than 2 mL in the ER. The total rate of bacteria-positive blood draws was 8.0% among the nine South Korean university hospitals in the Shin et al. study [9] , and the CLSI suggests that an adequate positive rate is 6-12%.
In our hospital, the data from the 3-month period before intervention revealed a total positive rate of 5.49-6.44%, which was lower than average. Following intervention, the total positive rate of the ER was increased to 12.14%. As blood volume was increased, the total positive rate increased, and the rate was To measure the blood volume in the sample-collection bottles, previous studies have used methods that subtract the unused bottle weight (or media level) from the full bottle weight (or media level) [10, 11] . These manual monitoring methods are labor-intensive and time-consuming. Recently, a virtual blood volume monitoring method using the BACTEC FX system, which is based on the metabolism of red blood cells, was introduced, and it demonstrated a linear correlation with manual blood volume measurements [7] . The BACTEC FX system provides reliable estimates of the blood volume in blood culture bottles, with a mean error of 0.2 mL. The method is very convenient for the monitoring of blood volume; thus, we used the virtual monitoring method in this study. However, a potential limitation of the system is that it can only measure aerobic bottles. Therefore, blood volume in the anaerobic bottles was not tracked. Nevertheless, a previous study reported internal consistency of volumes within sets of aerobic and anaerobic bottles [11] . In our study, we found that positive blood culture yields in both aerobic and anaerobic bottles post-intervention were increased from 4.6 to 9.5% and 5.7 to 8.8%, respectively. Although there can still be a possible difference in blood volumes inoculated between the aerobic and anaerobic bottles, the results suggest that the intervention was successful.
To detect bacteremia, the optimal number of blood culture sets is an important factor. Over the past 40 years, several studies have attempted to determine the optimal number of blood culture sets. Previous studies have demonstrated that the cumulative detection yields of microorganisms were 65-91% from the first blood culture set, 80-99% from the first two blood culture sets, and 96-99% from first three blood culture sets [12] [13] [14] .
Based on these data, the CLSI guidelines recommend collecting two to three sets per episode and strongly suggest avoiding collection of only a single blood culture set from adult patients. In the planning of our study, medical doctors and nurses from the Emergency Department, Department of Laboratory Medicine,
Division of Infectious Diseases and Department of Infection
Control discussed the issue of inadequate blood culture volume from the ER. We found that ER nurses who conduct phlebotomies were pressured to obtain three sets of blood culture per patient. To reduce the stress in performing phlebotomies and adapt to the current clinical situation within an acceptable guideline, we decided to reduce the number blood culture sets required from three sets to two. Even though it was reducing the number of blood sets, based on the result of this study, increasing blood volume is allowed to achieving the improvement of true positive rate.
Previous studies have reported that blood cultures with an inadequate blood volume were prone to growth of contaminants [2, 15] . In our study, however, as the volume of the cultures in our study was increased, the contaminant rate also increased.
Despite this increased contamination rate during the post-intervention period, the rate was within the CLSI-recommended range of less than 3%. This observation could be due to the per bottle resulted in reduced TTPs [16] . In our study, the mean TTP of anaerobic bottles post-intervention was 2.5 h shorter than that at pre-intervention. This data support the relationship between a higher blood volume and shorter TTP. We also found that the TTPs were significantly higher in contaminated bottles, indicating a higher bacterial concentration in the blood from patients with bloodstream infections than in contaminated samples [17] . However, in analysis of TTPs by the bacterial species, there was no significant difference (data not shown).
There was no significant difference in distribution among the microorganism species between pre-and post-intervention, except in the anaerobe group. The anaerobe group was detected more frequently in the pre-intervention period than in the post-intervention period. This finding is unlikely to be due to the intervention itself. Rather, it might be related to differences in the distribution of patients between the pre-and post-intervention periods.
In conclusion, blood volumes were previously obtained in a 
